INTRODUCTION
============

Heterostructures of materials with complementary electronic and topological properties have served as a foundation for designing novel physical states in condensed matter physics. Recently, Dirac materials such as graphene (Gr) and topological insulators (TIs) have attracted considerable attention in the context of their uniquely similar linear energy band spectra, which are well described as massless two-dimensional (2D) chiral Dirac fermions ([@R1]). Although these materials have similar surface energy spectra, the key difference between them lies in their spin-orbit coupling (SOC) strength. Graphene is a material with large carrier mobility and very low intrinsic SOC, giving rise to long spin coherence lengths at room temperature ([@R2]--[@R5]). In contrast, the topological Dirac surface states emerging in bulk-insulating TIs are generated by strong SOC, which gives rise to their helical spin-momentum locking feature ([@R6]). Beyond the scientific relevance of these Dirac materials, assembling them in van der Waals heterostructures (vdWhs) is promising to engineer new electronic and spintronic properties, which have no equivalent in the individual materials.

Heterostructures of Gr and TIs have been proposed for realizing an emergent topological quantum spin Hall phase. It has been predicted that in Gr-TI heterostructures, the electronic spectrum of Gr becomes gapped (\~2 to 20 meV), develops heavy Dirac fermions, and acquires a unique spin texture ([@R7]--[@R12]). Experimentally, photoemission experiments on Gr-TI heterostructures suggest the coexistence of topological surface states and Dirac π bands of Gr ([@R13], [@R14]). Recently, Gr-TI heterostructures have been used for spin injection into Gr ([@R15]), with reports of anomalous quantum transport behavior ([@R16]) and quantum tunneling processes ([@R17]--[@R19]). Finally, the prediction of a giant Edelstein effect could open avenues for the use of current-induced spin-orbit torques in nonvolatile memory technologies ([@R20]). Although these studies indicate that Gr-TI heterostructures can emerge as a new paradigm for spintronic applications, the proximity-induced SOC has not yet been experimentally investigated, and the nature of the spin relaxation remains unknown.

Here, we report the emergence of a strong SOC in Dirac material heterostructures of Gr and TIs by combining spin-polarized electron transport experiments and ab initio simulations. We take advantage of the excellent spin transport properties of Gr to unveil and analyze the nature of the proximity-induced spin physics in these 2D vdWhs. By integrating Gr with two TI materials having different doping levels, Bi~2~Se~3~ (BS) and Bi~1.5~Sb~0.5~Te~1.7~Se~1.3~ (BSTS), we find strong proximity-induced SOC that indicates substantial hybridization of the electronic bands of Gr and TIs. The modulation of the spin signal magnitude and spin lifetime with gate voltage provide a fundamental understanding of the strength and nature of the proximity-induced spin interaction in Gr-TI heterostructures and suggest possible spintronic device functionalities.

RESULTS AND DISCUSSION
======================

Fabrication and characterization of Gr-TI heterostructures
----------------------------------------------------------

[Figure 1](#F1){ref-type="fig"} (A and B) shows a schematic and a scanning electron microscope (SEM) picture, respectively, of the spintronic device consisting of a Gr-TI heterostructure (see Methods for details of the nanofabrication process). We have chosen hybrid structures of chemical vapor--deposited (CVD) Gr with two different TI compounds, BS and BSTS, because of their different doping levels. The BS is heavily doped with the Fermi level (*E*~F~) lying inside the bulk conduction band, whereas BSTS is low-doped with *E*~F~ in the bulk bandgap. These properties are reflected in the temperature dependence of the TI channel resistance measurements ([Fig. 2](#F2){ref-type="fig"}, A and B). While BS shows metallic bulk-band conduction across all temperatures, the low doping of BSTS leads to semiconducting behavior at high temperatures and a dominating metallic Dirac surface state transport below 100 K ([Fig. 2B](#F2){ref-type="fig"}) ([@R21]). The gate dependence studies of BS and BSTS confirm that both materials are n-type (fig. S1). While BS shows a very weak gate dependence, the resistance modulation of BSTS is more substantial (more details in section S1). Magnetotransport measurements show weak anti-localization (WAL) behavior of BS and BSTS, indicating strong SOC in the topological materials (fig. S2). To evaluate the degree of coupling between TIs and Gr, we performed electrical transport measurements in the vertical heterostructure geometry ([Fig. 2C](#F2){ref-type="fig"}). The heterostructure junctions show a stronger temperature dependence compared to Gr ([Fig. 2D](#F2){ref-type="fig"}). Further electrical characterization of heterostructure interfaces reveals the presence of a tunneling behavior with a zero-bias resistance ranging in different devices between 15 and 30 kΩ. Figures S3 and S4 show the current-voltage characteristics and Raman spectra of Gr-TI heterostructures, indicating good material and interface quality.

![Gr-TI heterostructure.\
(**A**) Schematic representation of a device consisting of a Gr-TI heterostructure channel and ferromagnetic (FM) tunnel contacts for spin injection and detection in a nonlocal transport geometry. The insets show the band structures of Gr and TI, as well as the splitting in Gr bands expected in a heterostructure region. (**B**) SEM micrograph of the fabricated device showing the Gr-TI heterostructure channel with FM tunnel contacts of TiO~2~ (1 nm)/Co (60 nm) on Gr. Scale bar, 2 μm.](aat9349-F1){#F1}

![Electrical and spin transport in Gr-TI heterostructures.\
(**A**) Schematic of four-terminal local geometry used for measurement of electrical resistance and magnetotransport in TI materials. (**B**) Temperature dependence of the channel resistance for BS and BSTS. (**C**) Schematic of measurement configuration of vertical Gr-TI heterostructure channels. (**D**) Temperature dependence of two-terminal resistivity in a Gr-BSTS heterostructure and a Gr channel. (**E**) Schematic of nonlocal measurement configuration used for spin-valve and Hanle experiments. (**F** and **G**) Spin-valve and Hanle measurements in a Gr-BS heterostructure. Hanle data are fitted using [Eq. 1](#E1){ref-type="disp-formula"} to extract spin precession parameters. (**H** and **I**) Spin-valve and Hanle measurements in a Gr-BSTS heterostructure.](aat9349-F2){#F2}

Spin transport measurements in Gr-TI heterostructures
-----------------------------------------------------

To determine the nature of spin transport and relaxation in the Gr-TI heterostructures, we performed spin-valve and Hanle spin precession measurements in the nonlocal (NL) configuration ([Fig. 2E](#F2){ref-type="fig"}). FM tunnel contacts of Co/TiO~2~ are used for injection and detection of spin-polarized current in the heterostructure channel. For spin-valve measurements, we record the nonlocal resistance (Δ*R*~NL~ = Δ*V*~NL~/*I*) while sweeping the in-plane magnetic field (*B*~∥~) along the easy axis of the FM contacts to achieve parallel and antiparallel magnetization configurations. The Hanle spin precession measurements were performed with an applied out-of-plane magnetic field (*B*~⊥~). We observe clear spin-valve and Hanle signals in both the Gr-BS and Gr-BSTS heterostructure devices, as shown in [Fig. 2](#F2){ref-type="fig"} (F to I). Hanle signals are fitted with [Eq. 1](#E1){ref-type="disp-formula"}$$\Delta\mathit{R}_{\text{NL}} \propto \int_{0}^{\infty}\frac{1}{\sqrt{4\pi\mathit{D}_{s}\mathit{t}}}\mathit{e}^{- \frac{\mathit{L}^{2}}{4\mathit{D}_{s}\mathit{t}}}\text{cos}(\omega_{L}\mathit{t})\text{exp}\left( \frac{- \mathit{t}}{\tau_{s}} \right)\mathit{d}\mathit{t}$$where a small *B*~⊥~ field induces spin precession with the Larmor frequency $\omega_{L} = \frac{\mathit{g}\mu_{B}}{\hslash}\mathit{B}_{\bot}$, resulting in dephasing of the spin polarization while keeping the magnetization of FM contacts in-plane.

We observe a nonlocal spin signal Δ*R*~NL~ ≈ 0.3 to 2.2 mΩ in both Gr-BS and Gr-BSTS heterostructures. From Hanle data ([Fig. 2](#F2){ref-type="fig"}, G and I), we extract spin lifetime τ~s~ = 22 ps for Gr-BS and 7 ps for Gr-BSTS devices with spin diffusion constants *D*~s~ = 0.01 and 0.007 m^2^ s^−1^ and spin diffusion lengths λ~s~ = $\sqrt{\mathit{D}_{s}\tau_{s}}$ = 0.5 and 0.2 μm, respectively. These devices have channel lengths *L* = 2.5 μm for Gr-BS and 3.8 μm for Gr-BSTS. The obtained values of spin parameters are strongly reduced compared to pristine Gr devices with similar *L*, which exhibit Δ*R*~NL~ ≈ 2 to 4 Ω and τ~s~ = 400 to 800 ps, as was systematically studied previously in similar Gr samples by our group ([@R5]). This reduction in spin parameters by two orders of magnitude in our Gr-TI heterostructures can be attributed to strong proximity-induced SOC in the Gr layer, as was predicted by theoretical calculations ([@R7], [@R8], [@R12], [@R22]) and observed experimentally in devices composed of Gr and 2D semiconductors ([@R23]--[@R27]).

Gate dependence of spin signal in Gr-TI heterostructures
--------------------------------------------------------

To further investigate the spin interaction strength in the Gr-TI heterostructures, we studied the effect of perpendicular electric field on the spin signals by applying back gate voltage (*V*~g~; [Fig. 3A](#F3){ref-type="fig"}). Tuning the Fermi level alignment and carrier density by gate voltage in both the Gr-BS ([Fig. 3](#F3){ref-type="fig"}, B and D) and Gr-BSTS ([Fig. 3](#F3){ref-type="fig"}, C and E) heterostructures results in a strong modulation of Δ*R*~NL~, with the spin signal disappearing at positive *V*~g~ and subsequently reappearing at higher *V*~g~ in the case of Gr-BSTS. The measurements were performed at temperature *T* = 70 K, and the results were reproduced in other devices up to room temperature (figs. S5 and S6). To further clarify the dependence of the spin relaxation on *V*~g~, we performed gate-dependent Hanle spin precession measurements ([Fig. 4](#F4){ref-type="fig"}). Similar to the outcomes seen for the spin-valve signal, we observe a strong modulation of the Hanle amplitude Δ*R*~NL~ and spin lifetime τ~s~ as the Fermi level *E*~F~ approaches the Dirac point of Gr \[[Fig. 4](#F4){ref-type="fig"}, A to D (for Gr-BS devices) and E to H (for Gr-BSTS devices)\]. By applying *V*~g~, we mainly modulate the Fermi level position in Gr, while in BS, the *E*~F~ remains in the conduction band (*E*~c~) because of high n-type doping, and in BSTS, we expect a small increase of *E*~F~ toward the conduction band, since *E*~F~ resides in the Dirac surface states \~22 meV below the conduction band edge, as calculated using a measured carrier density of *n*~2D~ = 5 × 10^12^ cm^−2^ ([@R21]). For a discussion of the difference in Gr Fermi level position in heterostructures and the influence of TIs on Gr doping, see fig. S7 and section S2.

![Gate dependence of spin-valve signals in Gr-TI heterostructures.\
(**A**) Schematic of the Gr-TI heterostructure with an applied gate voltage (*V*~g~) over the SiO~2~ layer, using n^++^ Si as a gate electrode. This mainly affects the Fermi level position in Gr, with smaller variation in the TIs due to their higher doping and screening of gate voltage by Gr. (**B**) Spin-valve signals Δ*R*~NL~ in Gr-BS heterostructure measured at different gate voltages *V*~g~. (**C**) Spin-valve signals in Gr-BSTS heterostructures measured at different gate voltages. (**D** and **E**) Gate dependence of spin-valve signal amplitude Δ*R*~NL~ in Gr-BS and Gr-BSTS heterostructures, respectively.](aat9349-F3){#F3}

![Gate dependence of the Hanle signal in Gr-TI heterostructures.\
(**A**) Hanle spin signal Δ*R*~NL~, measured in a Gr-BS device at different back gate voltages (*V*~g~). (**B** to **D**) Gate voltage dependence of the channel sheet resistivity ρ, Hanle signal amplitude Δ*R*~NL~, and spin lifetime τ~s~ measured in the Gr-BS device. Inset shows the Gr-BS band structures at two representative gate voltages. (**E**) Nonlocal Hanle spin precession measurements for a Gr-BSTS device at different *V*~g~. (**F** to **H**) Gate voltage dependence of ρ, Δ*R*~NL~, and τ~s~ for the Gr-BSTS device. Inset shows the Gr-BSTS band structures at two representative gate voltages.](aat9349-F4){#F4}

Although there are electrostatic differences between the Gr-BS and Gr-BSTS heterostructures, the spin transport measurements reveal a common feature---the spin signal is strongly suppressed when the Fermi level approaches the Gr Dirac point (*V*~D~). We can consider several mechanisms that can be responsible for this behavior. The first is a spin absorption effect, where transport is shunted from Gr into the TI layer. Away from the Dirac point, the Gr resistance is small such that most transport happens in the Gr layer, and the spin signal is thus dominated by the spin relaxation properties of the Gr in proximity with TIs. Near the Dirac point, the Gr resistance is increased, which could divert transport into the adjacent TI layer. Because of its high SOC, spin relaxation is expected to be very fast in the TI conduction band, which then reduces the detected spin signal. However, the Gr resistivity in our devices at all gate voltages and temperatures remains below 8 kΩ (see [Figs. 2D](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}, B and F), while zero-bias Gr-TI junction resistance of \~15 to 30 kΩ (fig. S3C) can limit spin absorption effects by strongly restricting the spin diffusion current to the Gr layer. This is in contrast to recent measurements of Gr in heterostructures with MoS~2~ and WS~2~, where the observed spin signal modulation is attributed to the presence of a gate-tunable Schottky barrier and SOC at the interface ([@R23]--[@R25]), while in our heterostructures, the tunneling interface resistance between TIs and Gr is weakly dependent on gate (fig. S3, A to C). Another mechanism that could cause a modulation of spin parameters is the conductivity mismatch between the Gr and the FM tunnel contacts, driven by a tuning of the Gr carrier density and resistivity with gate voltage ([@R5], [@R28]). Further theoretical investigations propose an additional mechanism that can influence the spin relaxation in these heterostructures, namely, the novel spin texture induced in Gr due to the hybridization of Gr and TI bands.

Calculation of SOC in Gr-TI heterostructures
--------------------------------------------

To better understand the proximity effect of TIs on the spin properties of Gr, we performed ab initio simulations of Gr in contact with a six--quintuple layer (QL) slab of BS (see Methods for details). [Figure 5A](#F5){ref-type="fig"} shows the band structure of the Gr-BS heterostructure, with blue, green, and red symbols indicating states that reside in the TI surface in contact with the Gr layer, the opposite TI surface, and the Gr layer, respectively. Purely black lines thus represent states in the bulk of the TI. The Gr is considered to be strongly p-doped with the Dirac point far above the Fermi level (dashed line), while the BS is n-doped with *E*~F~ in the bulk conduction band of the TI, in accordance to what is seen experimentally. The inset of [Fig. 5A](#F5){ref-type="fig"} shows a zoom-in of the bands near the Gr Dirac point, indicating the presence of a spin splitting of 1.9 (1.2) meV in the conduction (valence) band away from the Dirac point, and a bandgap of 3.4 meV induced in the Gr layer by the TI. The symbols show the ab initio results, and the lines are a fit using a tight-binding model that captures both the band structure and spin texture induced in the Gr layer by the TI ([@R12]). The dominating spin-orbit terms in this model include an intrinsic SOC, also known as Kane-Mele SOC ([@R29]), with a strength λ~I~ = 0.83 meV, and a Rashba SOC arising from strong in-plane fields with a strength $\lambda_{R}^{\rho}$ = 0.8 meV. These terms determine the spin splitting of the bands, while the bandgap arises from a combination of λ~I~, $\lambda_{R}^{\rho}$, and a Kekulé distortion of the Gr lattice ([@R12], [@R30]).

![Calculation of SOC strength and spin relaxation in Gr-TI heterostructures.\
(**A**) Calculated band structure of the Gr-BS hybrid structure, showing the BS surface state in proximity to Gr in blue, the opposite BS surface state in green, and Gr states in red. Inset: Zoom-in of the Gr bands around the Gr Dirac point, showing a bandgap and spin splitting on the order of millielectron volts. Open circles are ab initio results, while solid lines are the fit to a tight-binding model. (**B**) Calculated spin texture induced in Gr in proximity with BS. In the inset, the inner (outer) circle corresponds to an energy contour 14 (155) meV away from the Dirac point. The color scale indicates out-of-plane spin polarization, showing primarily out-of-plane (in-plane) spin polarization near (far from) the Gr Dirac point. The main panel shows the average in-plane spin polarization in Gr as a function of energy (gate voltage). Away from the Gr Dirac point, the spin polarization remains primarily in-plane. (**C**) Estimated spin lifetime in Gr arising from the ab initio band structure and spin texture, assuming spin relaxation dominated by the EY and DP mechanisms (solid line). The dashed line shows the predicted spin lifetime when including absorption of spins into the BS layer. (**D**) Estimation of SOC strength in Gr-SiO~2~ (green), Gr-BS (blue), and Gr-BSTS (orange) devices extracted from experimental data in [Fig. 4](#F4){ref-type="fig"}, using [Eq. 2](#E2){ref-type="disp-formula"}. The black dashed line shows the expected scaling based on the ab initio simulations.](aat9349-F5){#F5}

The spin texture of the Gr bands is shown in the inset of [Fig. 5B](#F5){ref-type="fig"}, for energy contours between 14 and 155 meV away from the Gr Dirac point, with the color of the arrows denoting the out-of-plane component of the spin. Near the Dirac point, the spins are polarized primarily out of the Gr plane, while away from the Dirac point, the spins become primarily in-plane with a helical texture dictated by Rashba SOC. The main panel of [Fig. 5B](#F5){ref-type="fig"} summarizes the Gr spin texture over a much larger energy range by showing the average in-plane spin polarization of the Gr bands at each energy (see Methods for details of this calculation). Except for near the Dirac point, the Gr bands are polarized primarily in the Gr plane with a helical spin texture, $\langle\mathit{S}_{\mathit{x}}^{2}\rangle = \langle\mathit{S}_{\mathit{y}}^{2}\rangle \approx 0.5$ and $\langle\mathit{S}_{\mathit{z}}^{2}\rangle \approx 0$, including the region where the Gr hybridizes with the TI bulk bands, −0.1 eV \< *E* − *E*~F~ \< 0.2 eV.

In [Fig. 5C](#F5){ref-type="fig"}, we plot the expected spin lifetime, derived from this particular band structure and by assuming the coexistence of the two usual mechanisms of SOC-induced spin relaxation in Gr, namely, the Elliott-Yafet (EY) and D'yakonov-Perel' (DP) mechanisms. The DP mechanism yields an inverse proportionality between τ~s~ and the momentum relaxation time τ~p~, $\tau_{s,\text{DP}}^{- 1} = \left( \overline{\mathit{S}^{2}} - \overline{\mathit{S}_{\mathit{x}}^{2}} \right)\left( \frac{2\Delta_{\text{DP}}}{\hslash} \right)^{2}\tau_{p}$, where 2Δ~DP~ is the SOC-induced spin splitting of the band, $\overline{\mathit{S}^{2}}$ is the total spin polarization averaged over the Fermi surface, and $\overline{\mathit{S}_{\mathit{x}}^{2}}$ is the *x* component of the spin polarization averaged over the Fermi surface ([@R31], [@R32]). In the case of a purely in-plane spin texture induced by Rashba SOC, this spin polarization prefactor is equal to ^1^/~2~, giving $\tau_{s,\text{DP}}^{- 1} = 2\left( \frac{\Delta_{\text{DP}}}{\hslash} \right)^{2}\tau_{p}$. The EY mechanism leads to direct scaling between τ~s~ and τ~p~, $\tau_{s,\text{EY}} = \left( \frac{\mathit{E}_{F} - \mathit{E}_{D}}{\Delta_{\text{EY}}} \right)^{2}\tau_{p}$, where *E*~F~ − *E*~D~ is the Fermi energy relative to the Gr Dirac point and Δ~EY~ is the EY SOC ([@R33], [@R34]), typically arising from intrinsic SOC in the case of in-plane spin relaxation ([@R35]). The total spin relaxation time is $\tau_{s} = \left( \tau_{s,\text{EY}}^{- 1} + \tau_{s,\text{DP}}^{- 1} \right)^{- 1}$. This quantity is plotted in [Fig. 5C](#F5){ref-type="fig"}, assuming that Δ~EY~ = λ~I~ = 0.83 meV, Δ~DP~ ≈ 0.6 meV is given by the valence band splitting extracted from the ab initio simulations, $(\overline{\mathit{S}^{2}} - \overline{\mathit{S}_{\mathit{x}}^{2}})$ is calculated as in [Fig. 5B](#F5){ref-type="fig"}, and the values of *E*~F~ and τ~p~ are taken from the experimental measurements. This analysis predicts spin lifetimes on the order of a few tens of picoseconds with a strong decay near the Gr Dirac point, similar to what is seen experimentally. This decay near the Dirac point arises from a dominating EY mechanism at low electron densities.

We also consider the impact of spin absorption in the TI layer, which can affect the measured spin lifetime. Using a recently proposed model ([@R36]), we find that the spin relaxation arising from spin absorption is in the range of τ~s,abs~ = 150 to 1200 ps (see section S3). The total spin lifetime including spin absorption effects, $\tau_{s} = {(\tau_{s,\text{EY}}^{- 1} + \tau_{s,\text{DP}}^{- 1} + \tau_{s,\text{abs}}^{- 1})}^{- 1}$, is shown as the dashed line in [Fig. 5C](#F5){ref-type="fig"}. Here, we see that spin absorption can have a small impact close to the Dirac point, but overall, the spin relaxation is dominated by SOC proximity effects.

We note that our predicted spin lifetimes remain somewhat larger than the measured values, but this is not unreasonable considering that our analysis ignores other sources of spin relaxation, including dephasing by the contacts or by magnetic impurities ([@R37]--[@R39]). In addition, the range of gate voltages over which the spin signal is zero is much larger in the experiments than in our theoretical estimates. This could arise from enhanced hybridization when the Gr Dirac point aligns with the TI conduction bands, something that is neither captured in our ab initio simulations nor considered in the spin relaxation models. In addition, the spin signal is not necessarily zero in the experiments but rather falls below the noise level of the measurements.

To estimate the relative contributions of EY and DP spin relaxation in the measured spin lifetimes, the spin relaxation rate $\tau_{s} = \left( \tau_{s,\text{EY}}^{- 1} + \tau_{s,\text{DP}}^{- 1} \right)^{- 1}$ can be rewritten as$${(\mathit{E}_{F} - \mathit{E}_{D})}^{2}\frac{\tau_{p}}{\tau_{s}} = \Delta_{\text{EY}}^{2} + 2\left( \frac{\Delta_{\text{DP}}}{\hslash} \right)^{2}{(\mathit{E}_{F} - \mathit{E}_{D})}^{2}\tau_{p}^{2}$$

We estimate τ~s~ from the Hanle analysis and τ~p~ from the gate dependence of the Gr-TI channel resistance using $\tau_{p} = \frac{2\mathit{D}_{C}}{\upsilon_{F}^{2}}$, where *D*~C~ is the charge diffusion coefficient and υ~F~ ≈ 10^6^m/s is the Fermi velocity in Gr. [Figure 5D](#F5){ref-type="fig"} shows the fits obtained with [Eq. 2](#E2){ref-type="disp-formula"} for the Gr-BS and Gr-BSTS heterostructures, as well as for a reference pristine CVD Gr device on a SiO~2~ substrate. The extracted values of the effective SOC for EY and DP mechanisms are Δ~EY~ = 6.7 ± 0.8 meV and Δ~DP~ = 541 ± 56 μeV for Gr-BS, Δ~EY~ = 3.3 ± 2 meV and Δ~DP~ = 1.1 ± 0.1 meV for Gr-BSTS, and Δ~EY~ = 2.5 ± 0.4 meV and Δ~DP~ = 139 ± 6 μeV for pristine Gr. The values of Δ~EY~ are comparable with previous reports on Gr ([@R31]). We would like to note that because of variations in device parameters (channel length, contact resistance, Gr-TI overlap area, and relative lattice orientation), as well as variations in van der Waals interaction strength between Gr and TIs, the obtained values of the SOC strength cannot be directly compared between Gr-BS and Gr-BSTS heterostructures but rather used for qualitative comparison with the reference Gr device. In both Gr-TI heterostructures, we observe significantly higher values of Δ~DP~, four to eight times higher than in pristine Gr, showing strong evidence of an increased proximity-induced SOC effect ([@R7], [@R8]). For comparison, we also show the scaling obtained from the ab initio simulations; the value of Δ~DP~ is quite similar to those obtained experimentally, while the value of Δ~EY~ is somewhat smaller. However, we note that Δ~EY~ is also quite large in the reference Gr device, which can originate from non--SOC-driven spin relaxation mechanisms not considered in our analysis ([@R37]--[@R39]).

SUMMARY
=======

The proximity-induced strong SOC in Dirac material heterostructures of Gr and TIs not only triggers the emergence of novel fundamental spin transport features but also can be useful for engineering spintronic functionalities inspired by topological phenomena. The advantage of these heterostructures is that, while Gr in proximity with TIs still supports good spin transport, concurrently, it acquires an induced strong SOC. This proximity-induced effect in Gr-TI systems could be further optimized by using TIs with a gate-tunable Fermi level and also by fully encapsulating Gr with TI materials from both sides ([@R40]). The SOC in Gr-TI heterostructures is also expected to be sensitive, and thus tunable, to adjustments of the twist angle between layers and by the application of strain and pressure in the heterostructures ([@R8], [@R40]). These developments can lead to the emergence of a larger SOC-induced band splitting in Gr and possible realization of a robust well-quantized spin Hall effect at elevated temperatures in 2D material heterostructures ([@R6], [@R41]--[@R43]). These achievements will open avenues for exploiting topological quantum effects, detecting exotic emergent particles, and pave the way for low-dissipation spin-based information processing technologies.

METHODS
=======

Device fabrication
------------------

The vdWhs were prepared using CVD Gr from Graphenea on highly doped Si (with a thermally grown 285-nm-thick SiO~2~ layer). The Gr was patterned by photolithography and oxygen plasma etching and cleaned afterward by Ar/H~2~ annealing at 400°C for 90 min. The TI flakes (single crystals grown from a melt using a high vertical Bridgeman method, bought from Miracrys) were exfoliated by conventional scotch tape technique and dry-transferred on top of Gr. Next, appropriate 50- to 120-nm-thick BS or BSTS flakes located on Gr were identified by an optical microscope for device fabrication. The contacts were patterned on Gr (and TI flakes, in the case of vertical devices) by electron beam lithography. Finally, we used electron beam evaporation to deposit 1 nm of Ti, followed by in situ oxidation in a pure oxygen atmosphere for 2 hours to form a TiO~2~ tunneling barrier layer. Without exposing the device to ambient atmosphere, in the same chamber, we deposited 60 nm of Co, after which the devices were finalized by liftoff in warm acetone at 65°C. In the final devices, the Co/TiO~2~ contacts on Gr act as the source and drain for spin-polarized electrons, the Gr-TI heterostructure region serves as the channel, and the n^++^ Si/SiO~2~ is used as a back gate.

The FM tunnel contact resistances (*R*~c~), measured in three-terminal configuration, were around 1 kΩ. Raman spectra measured on BS, BSTS, Gr, and Gr-TI heterostructures show good quality of the materials and their heterostructures (fig. S4). The field-effect mobility of the Gr channel in proximity with TIs was 630 to 1500 cm^2^ V^−1^ s^−1^. The observation of WAL in BS and BSTS and Shubnikov--de Haas (SdH) oscillations in BSTS shows the existence of a large spin-orbit interaction and 2D surface state conduction in the TI materials ([@R21]). The vertical transport properties of Gr-TI show tunneling behavior with an interface resistance of around 15 to 30 kΩ at zero-bias conditions (see fig. S3C).

Measurements
------------

In the spin-valve measurements, changes in nonlocal voltage *V*~NL~ are observed when the magnetizations of the injector and detector FM contacts are changed to either parallel or antiparallel configuration by an in-plane external magnetic field. The measurements were performed in a flow cryostat and in a physical property measurement system at temperatures of 2 to 300 K and variable magnetic field. In the experiments, a bias current in the range of 75 to 500 μA was applied using a Keithley 6221 current source, and the nonlocal voltage was detected by a Keithley 2182A nanovoltmeter; the gate voltage was applied using a Keithley 2612 source meter.

Ab initio simulations
---------------------

Ab initio calculations were carried out using density functional theory ([@R44]) implemented in the Vienna Ab initio Simulation Package (VASP) ([@R45]), with the wave functions expanded in a plane-wave basis with an energy cutoff of 600 eV, using the projector-augmented wave method ([@R46]). The Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation ([@R47]) was used to compute the exchange-correlation energy, and a 27 × 27 × 1 *k*-point mesh was used together with a convergence criterion of 10^−6^ eV. The SOC was included through noncollinear calculations, while the van der Waals force was accounted for on the basis of the Tkatchenko-Scheffler method ([@R48]), and all structures were fully relaxed until forces were smaller than 10^−2^ eV/Å. The unit cell consists of six carbon atoms centered over the Se atom in the top layer of BS, with a TI thickness of six QLs. In [Fig. 5A](#F5){ref-type="fig"}, the surface states were identified by projecting the wave function at each *k*-point onto the atoms of the QL in contact with the Gr layer (blue symbols) or onto the atoms of the opposite QL (green symbols).

Average spin polarization calculation
-------------------------------------

The average spin polarization at a particular energy was calculated as the spin-polarized, carbon-projected density of states normalized by the carbon-projected density of states$$\langle\mathit{S}_{\mathit{i}}^{2}\rangle(\mathit{E}) = \sum\limits_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}\left\{ \delta\left( \mathit{E} - \mathit{E}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}} \right)\left\langle \phi_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}|\sigma_{\mathit{i}}|\phi_{\mathit{n},\overset{\rightarrow}{\mathit{k}}} \right\rangle^{2}\mathit{P}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}^{C} \right\}/\sum\limits_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}\left\{ \delta\left( \mathit{E} - \mathit{E}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}} \right)\mathit{P}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}^{C} \right\}$$where $\mathit{E}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}$ and $\phi_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}$ are the eigenenergy and eigenvector of band *n* at *k*-point $\overset{\rightarrow}{\mathit{k}}$, $\mathit{P}_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}^{C}$ is the projection of $\phi_{\mathit{n},\overset{\rightarrow}{\mathit{k}}}$ onto the carbon atoms, σ~*i*~ are the spin Pauli matrices, and the δ functions are broadened as Fermi-Dirac distributions with a temperature of 75 K. The sums were carried out over a sample of \~8400 *k*-points distributed around the Γ point of the Brillouin zone.
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